Background/Objectives Cancerous and non-cancerous respiratory diseases are common and contribute significantly to global disease burden. We aim to quantify the association between plasma vitamin C concentrations as an indicator of high fruit and vegetable consumption and the risk of incident respiratory diseases and associated mortality in a general population. Subjects/Methods Nineteen thousand three hundred and fifty-seven men and women aged 40-79 years without prevalent respiratory diseases at the baseline (1993)(1994)(1995)(1996)(1997) and participating in the European Prospective Investigation into Cancer (EPIC)-Norfolk study in the United Kingdom were followed through March 2015 for both incidence and mortality from respiratory diseases. Results There were a total of 3914 incident events and 407 deaths due to any respiratory diseases (excluding lung cancers), 367 incident lung cancers and 280 lung cancer deaths during the follow-up (total person-years >300,000 years). Cox's proportional hazards models showed that persons in the top quartiles of baseline plasma vitamin C concentrations had a 43% lower risk of lung cancer (hazard ratio (HR) 0.57; 95% confidence interval (CI): 0.41-0.81) than did those in the bottom quartile, independently of potential confounders. The results are similar for any non-cancerous respiratory diseases (HR 0.85; 0.77-0.95), including chronic respiratory diseases (HR 0.81; 0.69-0.96) and pneumonia (HR 0.70; 0.59-0.83). The corresponding values for mortality were 0.54 (0.35-0.81), 0.81 (0.59-1.12), 0.85 (0.44-1.66) and 0.61 (0.37-1.01), respectively. Confining analyses to non-smokers showed 42% and 53% risk reduction of non-smoking-related lung cancer incidence and death. Conclusions Higher levels of vitamin C concentrations as a marker of high fruit and vegetable consumption reduces the risk of cancerous and non-cancerous respiratory illnesses including non-smoking-related cancer incidence and deaths.
Introduction
Respiratory diseases are major causes of mortality and morbidity worldwide. In the United Kingdom alone, respiratory disease costs the National Health Service (NHS) and society £6.6 billion: £3 billion in costs to the care system, £1.9 billion in mortality costs and £1.7 billion in illness costs [1] . Irreversible progressive chronic respiratory diseases and pneumonia are common in middle and older age and contribute significantly to this burden. Whilst lung cancer incidence is declining in some countries, which imposed smoking ban, there remains the risk of lung cancers in general as well as the risk of non-smoking-related lung cancer.
The intake of high fruit and vegetables depicted by plasma vitamin C concentrations are linked to mortality [2] and chronic cardiovascular conditions including stroke [3] [4] [5] [6] [7] . Whether such dietary health behaviour is linked to respiratory diseases including pneumonia is less well understood. Plasma vitamin C levels can be regarded as a reasonably reliable measure of not just the intake of fruit and vegetables, but the in vivo biologically available vitamin C for human physiological functions because it cannot be synthesized in the body. It is because the main source of vitamin C is from dietary fruit, vegetables and plant foods in humans, but is easily denatured by food preparation methods (e.g. via cooking in water, roasting or grilling) [8] . It also has a short half-life (≈30 min) in the blood [9, 10] . Therefore, random plasma vitamin C level is most likely to reflect an individual's habitual dietary pattern as well as the method of food preparation.
The relationship between plasma vitamin C concentrations and the incidence of chronic obstructive pulmonary disease (COPD), pulmonary fibrosis, pneumonia and respiratory mortality, including lung cancer deaths, in particular non-smoking-related lung cancers and their associated mortality risks, were poorly understood. We explored these relationships in the European Prospective Investigation into Cancer (EPIC)-Norfolk. Our secondary objective was to examine whether the relationship, if existed, vary by age, sex, smoking status, physical activity level and lung function assessed by forced expiratory volume in the first second (FEV1). We then further assessed the relationship between higher level of fruit and vegetable consumption and non-smoking-related incidence and mortality for these conditions.
Subjects and methods

Participants
Participants were drawn from the EPIC-Norfolk prospective population study. The detailed recruitment method and study protocol of EPIC-Norfolk were described previously [11] . Briefly, all eligible community-dwelling adults (aged 40-79 years at the baseline (1993-1997)) from 35 participating general practices in Norfolk, UK were invited to participate. A total of 30,445 (~40% response) persons provided written consent to participate in the study (99.6% British Caucasians). The Norwich Local Research Ethics Committee approved the study.
Measurements
At the time of the baseline survey, participants completed a detailed health and lifestyle questionnaire and attended health check clinic where trained nurses performed clinical assessments. The data collection methods for variables included in this study are described in detail in the online supplement [12] [13] [14] [15] [16] [17] .
Assessment of vitamin C levels
After overnight storage in a dark box at 4-7°C, non-fasting blood samples were centrifuged at 2100 × g for 15 min at 4°C. Plasma vitamin C was measured from blood collected 1 year later when funding was available using fluorometric assay within 1 week of sampling [18] . The mean coefficients of variation (CV) were 33.2 μmol/L at the lower end and 102.3 μmol/L at the upper end.
Outcome ascertainment
Incident cases were ascertained by using death certificate data and hospital record linkage based on UK Office of National Statistics using International Classification of Disease (ICD), revisions 9 and 10 and National Health Service hospital information systems through ENCORE (East Norfolk COmmission REcord). Accuracy of this method has been previously validated [19] . Hospitalization record was linked up to end of March 2015 and death was monitored until end of March 2015. Conditions of interest are any respiratory conditions (ICD codes 460-519; J00-J99, chronic respiratory conditions ICD codes 490-496; J40-J47, pneumonia, ICD 10 J12-J18, B012, B052, B953, B960, B961, J100, J110, J851, lung cancers (C33-C34) and asthma (J45-J46)). Whilst incident and morality from asthma was included in all non-cancerous respiratory diseases, it was specifically excluded from outcomes as adult/ older age onset asthma may have other mechanistic pathways that are non-dietary.
Statistical analysis
Statistical analysis was performed using Stata Version 14.1/ SE (StatCorLP, USA, TX, USA). All tests are two-sided and, as the study is exploratory, no adjustment for multiple comparisons has been made. Any participants with missing value for any of the variables included in the analyses were excluded in individual analyses. Plasma vitamin C concentration was split into quartiles, with cut-points 41, 54 and 66 μmol/L. The percentage of predicted normal were calculated for forced vital capacity (FVC) and FEV1 (FVC % predicted and FEV1% predicted, respectively) based on the Steel and Coal formula [20] . The incidence of respiratory conditions and respiratory-related mortality are reported descriptively, firstly overall and then stratified by the quartiles of plasma vitamin C concentrations.
Cox's proportional hazards models were constructed to determine the association between plasma vitamin C concentrations and the subsequent risk of all respiratory conditions, including chronic respiratory diseases and pneumonia. The risks of mortality for each of the selected outcomes were also assessed. To estimate the independent contribution of vitamin C concentration, we controlled for (1) age and sex; (2) age, sex and respiratory function assessed using FVC and FEV1; (3) age, sex, respiratory function and lifestyle factors (smoking, alcohol consumption, physical activity and body mass index); (4) age, sex, respiratory function, lifestyle factors, occupational social class and Townsend index of deprivation; (5) as in model 3 with additional adjustment for prevalent diabetes, myocardial infarction (MI) and stroke; (6) as in model 4 with additional adjustment for history of diabetes, MI and stroke; and finally, model 7 was constructed as in model 6 after excluding participants who were taking vitamin Ccontaining supplements.
To assess the differences in the relationship between plasma concentration of vitamin C at the baseline and the subsequent incidence of respiratory diseases including mortality specifically in different age groups (younger and older (<65 years and ⩾65 years)), sex (men and women), smoking status (current smokers and non/ex-smokers), physical activity levels (inactive and active) and respiratory function (good and poor function; people with good function defined as people in the top quartile of FEV1 values) the stratified analyses were repeated for model 6.
Analyses were then repeated for main analyses for final two models (models 6 and 7) confining first to non-current smokers and then to never-smokers.
Results
A total of 25,639 individuals attended their first health check in EPIC-Norfolk during 1993-1997, of these 1410 were excluded as they had an existing diagnosis of cancer leaving 24,229 individuals. Of these, 2205 had self-reported respiratory diseases and/or taking bronchodilators or drugs for asthma or COPD at the baseline; this leaves 22,024 individuals. After exclusion of 2685 individuals who did not have vitamin C measurements and further 3 participants with missing follow-up data, we included a total of 19,336 men and women in the current study. The mean follow-up was 16.54 years. The total follow-up period for the incidence was 319,937 person-years and for the mortality outcome was 336,473 person-years. There were a total of 3914 incident cases and 407 deaths during the respective followup periods. Table 1 shows the sample characteristics by quartiles of plasma vitamin C concentrations. The quartile values were ⩽41, 42-54, >54-⩽66.0 and >66.0 μmol/L for quartiles 1, 2, 3 and 4, respectively. This shows significant trends for all selected variables across the plasma vitamin C categories.
People with the higher levels of plasma vitamin C levels were younger, had better baseline lung functions, materially less likely to be deprived, lower proportion of men, less likely to be current smokers and consumed less amount of alcohol, had higher level of education and occupational social class, physically more active and had lower prevalence of chronic comorbid conditions. The crude rates for all the selected outcomes suggest a direct relationship between higher baseline plasma vitamin C concentrations and a better outcome (lower event rates). Table 2 shows the hazard ratios and their corresponding 95% confidence intervals (CIs) for development of incident any respiratory diseases, including chronic respiratory diseases (e.g. COPD/pulmonary fibrosis etc.) and pneumonia over the follow-up period. Compared to the people in the bottom quartiles, the people in the highest levels of baseline plasma ascorbic concentrations had significant 15%, 19%, 30% and 47% relative risk reduction of having any respiratory conditions, including chronic respiratory diseases, hospitalized pneumonia and lung cancer, respectively, in the adjusted model (model 6). The corresponding relative risk reduction for mortality from these conditions were 13%, 37%, 34% and 52%, respectively, although these did not reach statistical significance (Table 3) , with the exception of lung cancer, which showed relative risk reduction of 46%. Excluding those participants who took vitamin C-containing supplements did not alter the association (model 7, Tables 2 and 3 ). Figure 1a -d show the stratified analyses by age groups (younger and older (<65 years and ⩾65 years)), sex (men and women), smoking status (current smokers, non/exsmokers), physical activity (active, inactive) and respiratory function (good function defined as top quartile of FEV1 value, and poor function defined as the lower three quartiles) for all outcomes examined for those in top quartile of vitamin C concentrations compared to the bottom quartile. The benefit of high levels of fruit and vegetable consumption depicted by random plasma vitamin C concentrations was associated with younger age, but generally all subgroups showed consistent trends towards benefit with regard to all outcomes examined. People with lower FEV1 also appear to be benefited from higher fruit and vegetable consumption compared to people with better FEV1. With reduced statistical power, most of the point estimates of sub-analyses shown in Supplementary Table 1 for mortality outcome did not show any significant benefit with regard to mortality due to these conditions, but the point estimates are consistent with potential benefit across age group, sex, smoking status, physical activity and the level of FEV1.
Supplementary Table 2 shows the results confining to non-smokers and never-smokers for both incidence and mortality of all these respiratory diseases. With lower numbers, whilst the 95% CI are wider, the point estimates show similar direction. Of note, the non-smoking-related lung cancer incidence and mortality showed a stronger benefit of 42% and 53% relative risk reduction in noncurrent smokers in people with top quartiles of vitamin C concentrations compared to the bottom quartile. Supplementary Figure 1 shows the Kaplan-Meier estimates of survival based on different events. The graphs are top-left for all respiratory events, top right for lung cancer events, bottom-left for chronic respiratory disease event and bottom right for pneumonia events.
Discussion
Plasma vitamin C concentration is a good biomarker of plant food, namely fruit and vegetables intake. We found for the first time that the higher habitual intake of fruit and vegetables depicted by higher plasma vitamin C concentrations at the baseline predict future incidence of any respiratory diseases (excluding cancer), including chronic respiratory diseases and hospitalized pneumonia in a general population. Further, we demonstrate significant relative Data presented are mean (SD) for continuous and number (%) for categorical data. Q1 represents the lowest and the Q4 represents the highest quartile groups of plasma vitamin C concentrations risk reduction in lung cancer incidence as well as lung cancer-related mortality by higher level of baseline plasma vitamin C concentrations. The observed effects are even more pronounced for non-current smokers. The benefit observed with each higher quartiles of plasma vitamin C is fairly consistent and the most beneficial relative risk reduction was observed in the top quartile and the cut-off point for the highest quartile in this study was >66 μmol/L. Given that one serving of fruit and vegetables in our cohort equates to 20-μmol or 1-SD increase in plasma vitamin C concentration [2] , it can be extrapolated from our results that at the level of 3.5 portions of fruit and vegetable consumption could lead to significant health benefit within a general population. It is well recognized that fresh rather than cooked or boiled fruit and vegetables are a richer source of vitamin C. Due to their antioxidant property, higher levels of vitamin C are thought to be associated with reduced inflammatory process/insult. However, there appears to be distinct lack of nutritional interventions in respiratory diseases, except vitamin supplementation with only a few short-term studies evaluating supplementation with vitamins. The link between vitamin C intake and lung cancer incidence has been previously investigated [21] . We have furthered this knowledge and shown that high consumption of fruit and vegetables also potentially have substantial survival benefit with relative risk reduction of 46%.
One short-term study of vitamin C and E showed no change in lung function in 24 COPD patients [22] . In a larger 5-year trial of more than 20,000 patients with coronary disease, other occlusive arterial disease or diabetes, there was no difference in lung function or COPD-related outcomes [23] . A Cochrane review of vitamin C treatment for pneumonia identified three prophylactic studies conducted more than 30 years ago involving 2335 people, from which 37 developed community-acquired pneumonia. In all of these studies there was a significant reduction in the development of pneumonia; however, only one study (of 674 marine recruits) was a randomized trial and the evidence was felt to be too weak to advocate prophylactic use of vitamin C to prevent pneumonia in the general population [24] .
Data from the Third National Health and Nutrition Examination Survey, a US population-based cross-sectional study, suggest that serum vitamin C concentration is independently related to lung function as assessed by includes C33-C34. Q1 represents the lowest and the Q4 represents the highest quartiles groups of plasma vitamin C concentrations FEV1 [25] , whereas serum vitamin C concentration is associated with FVC in patients with airflow obstruction [26] . Other authors have shown the concentration of vitamin C to be inversely related to all-cause mortality in adults with obstructive lung disease [27] and mean intake of vitamin C is significantly lower in patients with COPD than controls [28] . Reactive oxygen species are produced by inflammatory cells including neutrophils and macrophages or are inhaled as environmental agents or cigarette smoke. Oxidants result in cellular damage and may result in apoptosis or cellular necrosis, induce mucous secretion or alter remodelling of extracellular matrix [29] , all of which may contribute to the pathophysiology of obstructive lung diseases. Indeed, vitamin C has recently be shown to prevent smoke-induced emphysema in mice that cannot synthesize vitamin C, suggesting that vitamin C reduced the oxidative stress caused by cigarette smoking [30] and therefore are not simply a reflection of diet. Interestingly, in the current study, people in the lowest quartile of vitamin C had the highest proportion of those with smoking history-vitamin C has been shown to be required to have an adequate immune response to influenza virus infection in mice [31] and micronutrient deficiencies (including vitamin C) are associated with impaired immune response and higher burden of respiratory infections in elderly humans [32] .
There are some limitations which is worth discussing. The initial response rate was modest (~40%). Nevertheless, the baseline characteristics of the study population were similar to those of other UK population samples, with the exception of slightly lower prevalence of smokers [11] , which may be related to healthy responder bias. Whilst the lower prevalence of smoking may have some impact on vitamin C levels, the internal relationships between vitamin C levels and incidence respiratory diseases are unlikely to be affected by this. Moreover, the truncation of distribution is more likely to attenuate the associations. Although follow-up is virtually complete, using hospital record and death certificate linkage approach may underestimate events that are not admitted to the hospital, for example, milder forms of pneumonia.
The use of self-reported respiratory conditions may have missed some prevalent respiratory conditions. Plasma vitamin C and other covariates were made at baseline. These measures as well as lifestyle behaviours, which may affect vitamin C concentration, may have changed over the follow-up period. Due to missing data in some of the variables included in the models, the number of participants included in the analysis reduced with higher level of adjustments, but the findings were consistent and adjustments did not particularly attenuate the results. We addressed confounding and reverse causality issues by comprehensive adjustment of possible confounders. We also performed sensitivity analysis for supplements usage. The incident cases were identified after 1998, at least 1 year after the baseline. Prospective relationship between baseline vitamin C concentrations and incidence and mortality also suggests potential causal link, or at least the marker of the conditions examined in this study. We performed sensitivity analyses by confining analyses to those who were noncurrent smokers and never-smokers.
To conclude, we found that high plasma vitamin C concentrations at baseline are significantly associated with the lower incidence of lung cancer, any respiratory illness other than lung cancer, chronic respiratory diseases and pneumonia. Additionally, those in highest consumption of fruit and vegetables (quartile 4 of plasma vitamin C concentrations) also had 46% relative risk reduction from lung cancer mortality (53% in those who were non-current smokers at the baseline) compared to the bottom quartile. Therefore, the plasma vitamin C level may be useful in identification of those at risk of both cancerous and noncancerous respiratory diseases at the population level. As vitamin C level in plasma is associated with higher fruit and vegetable consumption, increased consumption of fruit and vegetables may reduce the risk of these respiratory conditions and associated health care cost globally.
